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The defining feature of eukaryotic 
cells is the double lipid bilayer of 
the nuclear envelope (NE) that serves as 
a physical barrier separating the genome 
from the cytosol. Nuclear pore complexes 
(NPCs) are embedded in the NE to facil- 
itate transport of proteins and other mac- 
romolecules into and out of the nucleus. 
In fungi and early embryos where the NE 
does not completely breakdown during 
mitosis, microtubule-organizing centers 
such as the spindle pole body (SPB) must 
also be inserted into the NE to facili- 
tate organization of the mitotic spindle. 
Several recent papers have shed light on 
the mechanism by which SPB complexes 
are inserted into the NE. An unexpected 
link between the SPB and NPCs sug- 
gests that assembly of these NE com- 
plexes is tightly coordinated. We review 
the findings of these reports in light of 
our current knowledge of SPB, NPC and 
NE structure, assembly and function. 

The Nuclear Envelope and 
Nuclear Envelope Proteins 

The nuclear envelope (NE) is a double 
lipid bilayer (Fig. 1A). The outer nuclear 
membrane (ONM) is contiguous with the 
endoplasmic reticulum (ER) and shares 
a number of integral membrane compo- 
nents. This includes many lipid biosyn- 
thetic enzymes. In contrast, the inner 
nuclear membrane (INM) contains a dis- 
tinct set of proteins and lipids from either 
the ONM or the ER. Proteomic analysis of 
the INM indicates that it is composed of 
over 100 distinct proteins, most of which 
are uncharacterized. 1 In metazoans, the 



NE is also associated with the lamin inter- 
mediate filament network. Nuclear lam- 
ins along with lamin-associated proteins 
provide structural support for the NE and 
contribute to the intranuclear arrange- 
ment of chromosomes. Cells lacking lam- 
ins or lamin-associated proteins have an 
altered nuclear morphology, changes in 
chromosome organization and aberrant 
gene expression, resulting in a broad spec- 
trum of human diseases ranging from tis- 
sue- specific diseases of muscle, bone and 
fat cells to multi-system diseases, such as 
the premature aging syndrome progeria 
and cancer. 2 ' 3 What nuclear processes are 
altered and why different cell types are 
differentially affected is not well under- 
stood. A recent analysis of lamin B knock- 
out mice showed a requirement for this 
major component of the nuclear lamina 
in organogenesis, but surprisingly, embry- 
onic stem cells derived from these animals 
do not exhibit changes in NE morphology 
or gene expression. 4 This result strongly 
suggests that additional proteins function 
in parallel to the lamins in the mainte- 
nance of nuclear structure. 

The Sadl-UNC-84 (SUN) homology 
domain proteins are leading candidates 
to function in lamin-independent control 
of nuclear architecture because of their 
role in chromosome attachment at the 
nuclear periphery, in nuclear pore com- 
plex (NPC) assembly and in duplication 
and tethering of microtubule-organizing 
centers (MTOCs) to the NE. 5 ' 7 In higher 
eukaryotes, localization of certain SUN 
proteins requires lamins, 8 " 11 indicating 
at least an indirect connection between 
these two classes of NE organizers. 
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Figure 1. Nuclear envelope protein complexes. (A) Thin-section electron micrograph of a budding yeast nucleus. Embedded in the nuclear envelope 
are the SPB (white arrow) and multiple NPCs (asterisks). The positions of nuclear (white arrowhead) and cytoplasmic (black arrowhead) microtubules 
are also indicated. Bar, 0.2 |jim. (B) Schematic of the NPC showing major subcomplexes: the cytoplasmic filaments, the nuclear basket, the central core 
composed of many FG-Nups, the scaffold and linker Nups and the membrane-associated Poms that tether the NPC in the NE. (C) Schematic of the SPB 
showing the organization of SPB components into five sub-complexes: the 7-tubulin complex that nucleates microtubules, the linker proteins that 
connect the 7-tubulin complex to the cytoplasmic and nuclear face of the core SPB, the soluble core SPB/satellite components that form the founda- 
tion of the SPB and SPB precursor, the membrane anchors that tether the core SPB in the NE and the half-bridge components that are important for 
SPB assembly. 
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Figure 2. SUN proteins. The INM SUN 
proteins interact with ONM proteins, such as 
Mps2 or KASH-domain proteins, in the PNS to 
linkthe nucleus to the cytoskeleton. 



However, because SUN proteins are pres- 
ent in plants and lower eukaryotes such 
as fungi that lack lamins, their function 



in chromosome organization, insertion 
of MTOCs into the NE and NE mor- 
phology must be lamin-independent. 
Originally identified in Caenorhabditis 
elegans and Schizosaccharomyces pombe, 
the SUN domain-containing proteins 
are widely conserved components of the 
INM of all eukaryotes. At least one gene 
encoding a SUN protein has been found 
in every eukaryote sequenced to date. 51213 
Many eukaryotes, such as mammals, have 
multiple genes encoding SUN proteins; 
of the five mammalian SUN genes, two 
are ubiquitously expressed, while three 
appear to be expressed primarily in the 
male germline. Budding yeast was origi- 
nally not predicted to contain a SUN pro- 
tein, 14 however more advanced sequence 
alignment tools facilitated identification 
of a SUN domain in the spindle pole body 
(SPB) component Mps3. 12 

Localized to the INM, the integral 
membrane SUN proteins contain an 
N-terminal domain that is located in the 
nucleoplasm where it is thought to interact 
with chromatin and/or the nuclear lamina 
(Fig. 2). The larger C-terminal domain 
generally contains at least one coiled-coil 



motif as well as the conserved SUN 
domain. Although the exact function of 
the -175 amino acid SUN domain is not 
known, several lines of evidence from 
multiple species point to a role in binding 
and localization of ONM proteins, partic- 
ularly those that have a small C-terminal 
domain. 5,7 A weak degree of homology has 
been observed in the tails of these ONM 
proteins (a KASH motif, for Klarsicht 
ANC-1 Syne homology), although there 
is evidence that SUN proteins may inter- 
act with non-KASH domain-containing 
ONM proteins, as illustrated by the inter- 
action between Mps3 and its binding 
partner Mps2. 12 The most notable feature 
of SUN binding proteins is their con- 
nection via an N-terminal domain to the 
actin, microtubule or intermediate cyto- 
skeleton. In this way, the SUN proteins 
form a linker complex, coupling the cyto- 
plasmic cytoskeleton with chromosomes 
in the nucleus, even in the presence of an 
intact NE (Fig. 2). This linker complex is 
important for nuclear migration and for 
chromosome movement, particularly dur- 
ing meiotic prophase. 6 The role of SUN 
proteins in nuclear processes has been the 
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topic of several recent reviews in references 
5-7. We will focus on recent studies link- 
ing SUN proteins to insertion of NPCs 
and MTOCs into the bilayers of the NE 
and propose a model linking the assembly 
of these complexes. 

NPC Assembly 

NPCs are large protein complexes approx- 
imately 40-70 MDa found in the NE of 
all eukaryotes. 13 Each NPC is composed 
of roughly 30 proteins present in multiple 
copies. The NPC controls the transport 
of proteins greater than approximately 40 
kDa and macromolecules such as RNAs 
into and out of the nucleus. Regulation 
of nuclear-cytoplasmic trafficking can 
have dramatic effects on transcription, 
chromosome integrity, nuclear organiza- 
tion and many other cellular processes. 1516 
Control of NPC insertion is one way that 
cells can regulate the bidirectional trans- 
port of cargos. An increase in the number 
of NPCs must be coupled to the cell cycle 
and nuclear division to ensure that the cell 
has an adequate capacity for nuclear-cyto- 
plasmic transport as the nucleus expands 
during cell growth and contracts /divides 
following cytokinesis. 17 " 19 

NPCs are embedded in the NE; the 
INM and ONM are contiguous at the 
NPC, forming a highly curved mem- 
brane known as the pore membrane (Fig. 
1A and B). In metazoans, NPCs are 
assembled into the NE during its reas- 
sembly around the chromosomes follow- 
ing anaphase. This pathway is coupled 
with changes in NE structure that occur 
during mitosis, including disassembly 
and reassembly of the nuclear lamina. 20 
However, NPCs are also inserted into the 
NE by a de novo assembly pathway that 
is active during interphase. 21 In organ- 
isms such as Saccharomyces cerevisiae that 
undergo a closed mitosis where the NE 
remains intact, de novo insertion of NPCs 
is the sole assembly mechanism. 19 Genetic 
and cytological analysis of de novo NPC 
assembly suggests that it occurs in a step- 
wise manner and does not involve divi- 
sion or splitting of pre-existing NPCs. 15 
Instead, changes in membrane organiza- 
tion and the sequential recruitment of 
NPC subcomplexes are thought to be nec- 
essary for de novo NPC assembly (Fig. 3). 



EM analysis of NPC assembly sug- 
gests that a change in NE organization 
is essential for NPC insertion (Fig. 3). 
Based on their observations that the spac- 
ing between INM and ONM decreased 
prior to the detection of NPC complexes, 
Goldberg and colleagues suggested that 
interaction of INM and ONM proteins 
within the perinuclear space (PNS) drives 
formation of the pore membrane early in 
NPC assembly. 22 Molecular studies have 
suggested that the lumenal domains of the 
integral membrane proteins of the NPC 
(known as Poms, for pore membrane pro- 
teins) are probably involved in this early 
step, although other membrane proteins 
including the SUN proteins may also play 
a role (Fig. 4A). 23-27 Depletion or muta- 
tion of reticulons, membrane-bending 
proteins of the ER, results in defects in 
NPC assembly, suggesting their involve- 
ment in the generation of membrane cur- 
vature during de novo NPC assembly. 28 
Presumably, these proteins would act on 
the outer leaflets of the NE (Figs. 3 and 
4A). What corresponding or compensa- 
tory changes occur on the inner mem- 
brane leaflets is not known. Also, since 
the reticulons are not stably associated 
with intact NPCs, additional factors must 
stabilize the curved membrane generated 
by the reticulons. Several NPC subunits 
(for example, Nupl33, Nupl20, Nup85, 
Nupl70 and Nupl88 in yeast) contain 
an ALPS motif (for ArfGAPl lipid pack- 
ing sensor). ALPS domain-containing 
proteins contain an amphipathic a-helix 
with a hydrophobic patch, which allows 
for preferential hydrophobic interactions 
with lipid tails. 29,30 Because lipid tails are 
only accessible on curved membranes (in 
a tightly packed lipid bilayer the lipid tails 
are shielded), ALPS -domain containing 
Nups presumably bind to and stabilize the 
highly curved pore membranes. The for- 
mation of a coat complex on the NE by 
these proteins facilitates NPC insertion by 
generation of a membrane structure where 
INM and ONM are fused (Fig. 4A). 
Once the pore membrane site has been 
formed, additional soluble NPC subunits 
can assemble, often as partially assembled 
sub-complexes that are preassembled in 
the cytoplasm or the nucleoplasm (Fig. 3). 
This completes NPC assembly, and a new 
functional NPC is embedded in the NE. 



Despite the fact that many of the 
players involved in NPC assembly have 
been identified and their temporal order 
of function and structural organization 
has been carefully studied in both yeast 
and metazoan systems, many questions 
regarding the process of de novo NPC 
duplication remain. How is the initial site 
of NPC assembly marked? Is NPC assem- 
bly controlled by the availability of one or 
more of the Pom proteins? How do the 
Pom proteins drive changes in membrane 
organization and why are they so poorly 
conserved? What types of membrane 
changes are needed to form a pore mem- 
brane? What is the function of the ALPS 
domain in vivo? 

In vertebrate cells, Sunl is associ- 
ated with NPCs and is involved in their 
assembly and distribution in the NE. 23,25 
However, in lower eukaryotes, neither 
Mps3 nor Sadl, the budding and fission 
yeast SUN proteins, respectively, co-local- 
ize with NPCs or are required for NPC 
assembly. 31 ' 32 Instead, analysis of SUN 
proteins in yeast has revealed a role in NE 
insertion of the SPB through a mechanism 
that probably requires membrane-remod- 
eling events similar to those involved in 
de novo NPC assembly. 33 " 35 Furthermore, 
these studies on the mechanism of SPB 
duplication have demonstrated an unex- 
pected connection between the NPC and 
SPB. Characterization of SPB duplication 
has added to our understanding of the 
molecular events required for NE fusion, 
including a role for SUN proteins that 
may also be important for de novo NPC 
assembly. 

The Spindle Pole Body 

The NE has evolved as a barrier to orga- 
nize and protect the genome. 13 However, 
the NE presents a unique challenge to 
cells in terms of accessing the chromo- 
somes within the nucleus with soluble 
cytoplasmic components of the cytoskele- 
ton. This is particularly an issue in organ- 
isms such as budding and fission yeast 
that undergo a closed mitosis. How can 
cytoplasmic microtubules mediate chro- 
mosome segregation in the nucleus? The 
solution employed by S. cerevisiae is to 
embed the SPB in the NE throughout 
the yeast lifecycle (Fig. 1A). 36 Therefore, 
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Figure 3. Duplication of the NPC and SPB requires the formation of a NE pore. Genetic analysis of NPC assembly in yeast and cytological studies of de 
novo NPC insertion in mammals indicates a series of discrete steps are involved: following Ran-dependent import of NPC subunits and other proteins 
through pre-existing NPCs, lumenal interactions of Pom proteins occurs early during assembly, presumably leading to dimpling of the NE; further NE 
remodeling occurs through the recruitment of the reticulons; this is followed by association of Nups, including those containing an ALPS domain to 
bind and stabilize the curved pore membrane; assembly of additional Nups from both the cytoplasmic and nucleoplasmic side of the NE leads to the 
formation of a functional NPC. Similarly, cytological analysis of SPB intermediates in wild type and mutant yeast cells suggests that SPB duplication 
can be divided into three steps: elongation of the half-bridge and formation of the satellite, which contains soluble precursors to the SPB; expansion of 
the satellite into a duplication plaque and fenestration of the NE; and insertion into the NE and assembly of nuclear components to create duplicated 
side-by-side SPBs. 



the SPB simultaneously nucleates nuclear 
microtubules involved in spindle assembly 
and cytoplasmic microtubules required to 
position the nucleus (Fig. 1C). In S.pombe, 
the SPB is tethered to the NE throughout 
the cell cycle, but it is inserted into the NE 
prior to entry into mitosis and is extruded 
from the NE upon mitotic exit. 37 

SPB duplication in both yeasts has 
been extensively characterized at the level 
of electron microscopy, and many SPB 



components have been identified using 
genetic and biochemical methods. 38 " 40 
At the mechanistic and molecular level, 
duplication of the budding yeast SPB has 
been extensively studied so we will focus 
primarily on its assembly into the NE. As 
depicted in Figure 1C, the 18 cerevisiae 
SPB components can be arranged into five 
sub-complexes. Based on cytological anal- 
ysis of SPB intermediates in wild-type and 
mutant yeast cells, it is thought that a SPB 



precursor, known as the satellite, forms 
on the distal tip of the half-bridge early 
in SPB assembly. Continued expansion of 
the satellite by addition of soluble precur- 
sors and expansion of the half-bridge leads 
to the formation of a duplication plaque 
and fenestration of the NE. SPB duplica- 
tion is completed by insertion of the dupli- 
cation plaque into the NE and assembly of 
nuclear components to create duplicated 
side-by-side SPBs (Fig. 3). Unlike NPC 
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Figure 4. Proposed role of SUN proteins in NE structure. (A) Remodeling of the NE that is thought to occur during NPC insertion. Lumenal interactions 
between Poms (magenta) decrease the distance between INM and ONM. In addition, insertion of reticulons (blue) into the outer leaflets of both INM 
and ONM helps to generate curvature. Other membrane remodeling events, such as addition of very long chain fatty acids and incorporation of un- 
saturated polar lipids and sterols, is also likely involved in the formation of the pore membrane, and the curved membrane is stabilized by binding of 
ALPS domain-containing Nups (red) (B). We propose that the C-terminus of SUN proteins associates with proteins in the PNS to decrease the distance 
between INM and ONM as well as proteins involved in membrane remodeling (purple and cyan). This could drive changes in the physical properties 
of the NE (including altering lipid composition, which is depicted by lipids with different degrees of saturation and chain length in lighter and darker 
gray) required for the formation of a pore membrane found at the NPC and SPB. In addition, SUN proteins might also interact with proteins that form 
and stabilize the pore membrane (magenta). 



assembly, SPB duplication is spatially 
and temporally restricted. The new SPB 
is assembled during late G T phase at the 
distal tip of the half-bridge, approximately 
100 nm from the pre-existing SPB. 36 
Therefore, SPB duplication serves as an 
excellent model to study how the NE is 
reorganized to allow for protein complex 
insertion. 

As the sole site of microtubule nucle- 
ation in budding yeast, the SPB must be 
assembled and inserted into the NE once 
every cell cycle. Although the exact mech- 
anism of SPB insertion is unknown, its 
insertion into the NE requires the forma- 
tion of a pore membrane similar to that 
found at the NPC (Fig. 3). Modification 
of the NE leaflets, fusion of INM and 
ONM, binding of proteins that stabilize 
a curved membrane and assembly of sol- 
uble proteins are thought to be required 
during SPB assembly. Genetic analysis of 



SPB assembly has shown that the mem- 
brane anchors and half-bridge compo- 
nents such as Mps3 play a role in SPB 
insertion. 34,35,41 " 46 One of the SPB mem- 
brane anchors is Ndcl, a conserved Pom, 
which is also required for NPC assembly. 47 
Unlike factors involved in NPC assembly, 
there is little redundancy in SPB inser- 
tion factors. All four membrane anchors 
and Mps3 are encoded by essential genes; 
yeast cells harboring deletions in any of 
these genes are inviable, and cells contain- 
ing specific mutated versions of each have 
a defect in SPB insertion. 

Therefore, we were surprised to dis- 
cover that the function of Mps3 in SPB 
assembly could be bypassed if specific 
subunits of the NPC were also deleted. 35 
Similar results were also reported for the 
membrane protein Mps2 and its bind- 
ing partner Bbpl 46 and for Ndcl. 47 It is 
difficult to envision how the SPB could 



duplicate in the absence of a structural 
protein such as Mps3 and or how it could 
be tethered in the NE without the mem- 
brane anchors Mps2, Bbpl or Ndcl. At 
least two possible models could account 
for these observations and are supported 
by additional evidence in the literature. 
One focuses on a limiting protein that 
modulates the insertion of large protein 
complexes such as the NPC and SPB into 
the membrane (Model A) and one focuses 
on changes in the NE in terms of lipids 
to facilitate SPB insertion (Model B) (Fig. 
5). Either model could account for the 
Mps3 -independent SPB duplication that 
has been observed. 35 

Model A: the shared insertion factor 
model. Because NPCs and SPBs must 
both insert into the NE and because 
many of the same molecular events are 
likely required for both (Figs. 3 and 4), 
NPCs and SPBs may compete for a shared 
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Figure 5. Two possible models to account for Mps3-independent SPB assembly. Model A, the shared insertion factor model, is based on the hypothe- 
sis that SPBs and NPCs compete for a shared insertion factor, such as Ndcl. Model B, the nuclear membrane structure model, is based on the hypoth- 
esis that NPCs impart structural rigidity to the NE. See text for additional details. 



insertion factor (SIF) (Fig. 5). By reduc- 
ing NPC insertion through deletion of 
specific Poms or Nups, more of the SIF is 
available to facilitate SPB insertion, and 
this eliminates the need for certain SPB 
components. This model is attractive for 
a number of reasons. First, the SIF model 
accounts for genetic interactions observed 
between mutants in genes encoding 
components of the SPB and NPC. 35 ' 46 ' 48 
Second, this model provides a potential 
explanation for why many SPB mutants 
spontaneously diploidize at the permissive 
temperature (for examples review refs. 12, 
41-45, 47 and 49). Although a failure in 
SPB duplication and a monopolar mitosis 
could account for the initial increase-in- 
ploidy associated with these mutants, it is 
not clear why they remain stable diploids 
and do not undergo additional monopo- 
lar mitotic events. The diploid state may 
be stable due to an adequate amount of 



the SIF. Although diploids have twice 
the chromosome content of haploids and 
have a 2-fold increase in cell and nuclear 
volume, the nuclear surface area only 
increases 1.6-fold from haploids to dip- 
loids, 50 " 52 and thus the effective concentra- 
tion of the SIF could be higher in diploids 
than in haploids-perhaps sufficiently high 
to make diploidy the most stable state. 
Third, a protein-mediated, membrane 
insertion-based mechanism control- 
ling SPB assembly could coordinate SPB 
duplication with cell growth and/or the 
cell cycle and explain the nuclear autono- 
mous coordination of SPB duplication in 
the contiguous cytoplasm of Ashbya gossy- 
pii hyphae, which is an ancient ancestor 
of budding yeast that contains a similar 
plaque-like SPB. 53 It is likely that levels 
of the SIF increase in G 1 since most genes 
involved in SPB assembly are controlled by 
cell cycle specific transcriptional elements 



(MCB elements). Nuclear volume is small 
in G 1 as the result of nuclear division in 
the preceding mitosis, thus the effective 
concentration of the SIF in the NE is high, 
permitting SPB duplication and insertion 
in late G 1 phase. Continued expansion 
of the nucleus during S and G 2 /M in the 
absence of ongoing synthesis of the SIF 
would be non-permissive for SPB assem- 
bly. Lastly, the SIF model could account 
for the observation that deletion of several 
Nups, such as NUP170, delay in metaphase 
of the cell cycle and account for genetic 
interactions between Nups and the spindle 
assembly checkpoint machinery, which 
detects defects in the mitotic spindle. 54 ' 55 
In the absence of the Nup, more of the SIF 
is titrated away from the SPB to rescue the 
assembly defect of the ailing NPCs. Loss of 
the SIF from the SPB results in a mild SPB 
insertion defect, which triggers the check- 
point and causes a delay in metaphase. 
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A major feature of this model is the iden- 
tity of the proposed SIF. The NE protein 
Ndcl is an excellent candidate to be the 
SIF. Perhaps because it is present at both 
NPCs and SPBs, yeast cells are highly sen- 
sitive to Ndcl levels. 47,56 In addition, Ndcl 
is involved in generating the pore mem- 
brane at both the NPC and SPB. 26 ' 27 ' 42 ' 47 ' 57 
Unlike other membrane anchors, its func- 
tion cannot be bypassed by deletion of 
other Poms or by other genetic methods, 
although some alleles of NDC1 are sup- 
pressed by poml52A or pom34A. 35A6AV At 
the NPC, the C-terminal tail of Ndcl 
directly interacts with the N-terminus 
of Pom 152 and probably other Poms and 
Nups. 26 ' 58 ' 59 Nbpl is the only known Ndcl 
binding partner at the SPB, although 
NDC1 genetically interacts with other 
membrane anchors and half-bridge pro- 
teins. 12 ' 44,60 A simple way for Ndcl to 
modulate insertion of SPBs and NPCs 
is to bind to NPC and SPB components 
through the same domain. In this way, the 
cell could partition Ndcl to either the SPB 
or NPC depending on conditions. A more 
thorough understanding of Ndcl binding 
partners at both the NPC and SPB and 
determining how the protein is distributed 
between the two NE complexes will help 
test this model. 

Model B: the membrane structure 
model. This model proposes that pro- 
teins such as Mps3 function to facilitate 
membrane insertion events by locally 
altering the lipid concentration of the 
NE (Fig. 5). Because there are many 
NPCs in the NE (between 65 and 182 
in the nuclei of haploid yeast vs. a single 
SPB), 19 it is likely that they impart struc- 
tural rigidity to the NE that makes SPB 
insertion difficult without half-bridge 
components or membrane anchors. If 
we imagine that this "rigidity" is a block 
to insertion of a newly duplicated SPB, 
then we can understand the observation 
that NPC mutants can suppress certain 
SPB mutants in terms of SPB assembly 
as follows: by blocking NPC insertion, 
the composition or structure of the mem- 
brane is altered in a manner that accom- 
modates SPB assembly in the absence of 
Mps3 or other SPB components. There is 
precedent for this type of a model at the 
plasma membrane, where high concen- 
trations of receptors and other membrane 



proteins result in the formation of mem- 
brane rafts that are rich in sterols and 
sphingolipids. 61 ' 62 

The recent finding that a dominant 
allele of MPS3 displays defects in SPB 
insertion and NE structure and the obser- 
vation that deletion of MPS3 restores the 
balance of certain types of lipids to wild- 
type levels in cells lacking nucleoporins 
is most consistent with this hypothesis. 34 
Perhaps due to a change in nuclear trans- 
port, deletion of POM152 resulted in 
decreased levels of total sterol ester levels 
and diacylglycerol compared with wild- 
type cells. Cells lacking both POM 152 and 
MPS3 have wild-type levels of both classes 
of lipids, raising the intriguing question of 
why the transport defect might be amelio- 
rated when the SUN protein is eliminated. 

Perhaps the most compelling evidence 
that changes in NE composition must 
accompany SPB insertion comes from 
studies in S. pombe. The fission yeast SPB 
is associated with the NE throughout 
interphase, sitting in a small NE fenes- 
tra 37,40,63 p r i or to mitotic entry, the SPB 
duplicates and the two SPBs are inserted 
into pores in the NE. This process, com- 
monly referred to as polar fenestration, 
enables assembly of nuclear microtubules. 
Following completion of mitosis, the 
SPBs are extruded from the nucleus and 
the pore is sealed. In a screen for mutants 
defective in polar fenestration, the Hagan 
lab identified a mutant in brr6 + , a gene 
thought to be required for NPC assembly 
in budding yeast. They went on to show 
that Brr6 and its associated protein Apql2 
transiently associate with the SPB dur- 
ing polar fenestration but are not local- 
ized to the SPB during the remainder of 
the cell cycle, suggesting that they may 
be required for NE remodeling associated 
with SPB insertion. 32 Interestingly, Brr6 
is not found in the genomes of metazoans 
or plants; it is only found in the genomes 
of organisms that undergo polar fenestra- 
tion, 64 raising the question as to whether 
the primary function of Brr6, its paralog 
Brll and Apql2 is NE remodeling dur- 
ing SPB duplication (see below). In fis- 
sion yeast, no NPC assembly defects were 
observed in cells containing mutations in 
brr 6 or apql2.A. 52 

SUN proteins could directly affect 
NE structure to facilitate membrane 



organization and complex insertion by 
tethering proteins involved in lipid modi- 
fication in the NE (Fig. 4B). Ndcl, Mps3 
and most other membrane and half- 
bridge components of SPB lack any struc- 
tural motifs that provide insight into the 
mechanism of SPB insertion. The mem- 
brane at the site of SPB insertion is highly 
curved, and certain physical properties 
are thought to be required for this type 
of membrane structure and for fusion of 
the INM and ONM, including very long- 
chain fatty acids, membrane bending by 
reticulons and stabilization of curved 
membranes by ALPS -domain containing 
proteins. 15 ' 29,30,65 ' 66 Recent work from the 
Scheibel lab demonstrated that the Ndcl 
binding protein Nbpl contains an ALPS 
domain, however, Nbpl shows no prefer- 
ence for binding to curved membranes in 
vitro, implicating additional targeting or 
curvature factors. 45 Further evidence that 
additional factors involved in membrane 
remodeling are involved in SPB assembly 
comes from the observation that NBP1 
is non-essential under certain conditions 
(Jaspersen S.L., unpublished). Therefore, 
it seems reasonable to propose that SUN 
proteins might selectively tether enzymes 
and other proteins involved in membrane 
remodeling in the ONM or lumenal space 
(Fig. 4B). 

What proteins might these be? In bud- 
ding yeast, MPS3 genetically interacts 
with SP07, a gene involved in the regula- 
tion of phospholipid biosynthesis and the 
maintenance of nuclear morphology. 35 ' 67 " 69 
The aberrant nuclear membranes formed 
in cells lacking Spo7, its binding partner 
Neml or their target, lipin (Pahl in yeast), 
contain NPCs, suggesting that assembly 
of NPCs is not affected. 68 " 70 Therefore, 
the genetic interaction between spo7A 
and certain MPS3 mutants is most easily 
explained by a change in NE composi- 
tion, and it is possible that Mps3 tethers 
Spo7 in the NE, although this has never 
been experimentally tested. Several pro- 
teins involved in lipid synthesis and vesicle 
formation, including acetyl coA carboxyl- 
ase (Cut6), the reticulon interacting pro- 
tein Seyl, the AP-1 coat protein Apml, 
the t-SNARE Ufel and the nucleoporin 
Nup40 (orthologous to Nup53 in budding 
yeast) were identified as putative Sadl 
binding partners in a yeast two-hybrid 
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screen. 71 Although interactions between 
these proteins and the SUN protein may 
be indirect, deletion or mutation of many 
of these Sadl interacting factors exacer- 
bates the SPB insertion defect associated 
with a mutation in the SUN protein, sug- 
gesting a link between the membrane- 
based processes and SPB duplication. In 
metazoans, mutations in UNC-84, but 
not its two KASH partners, have been 
reported to result in decreased fat levels in 
C. elegansj 2 so it is plausible that UNC- 
84 also tethers unknown proteins involved 
in lipid metabolism in the NE/ONM. 
Recent reports have shown that mam- 
malian SUN proteins localize, at least at 
low levels, to ER and Golgi membranes, 
which are major sites of lipid synthesis. 73 " 75 
Therefore, tethering enzymes involved 
in membrane remodeling may be a con- 
served function of SUN proteins through- 
out eukaryotes. 

Model A and B: the hybrid model? It 
is probable that aspects of both the SIF 
model and the membrane architecture 
model contribute to SPB assembly. EM 
examination of duplicating SPBs has often 
revealed adjacent NPCs even in mutants 
where NPCs are clustered in distal regions 
of the NE. 47 ' 76 One explanation for this 
phenomenon is that the NPC, or at least a 
subset of NPC proteins such as the Poms, 
Nupl57/Nupl70 and the Nup84 complex, 
is required for SPB insertion. Many of 
these Nups and Poms genetically interact 
with SPB mutants and are found in small 
amounts in preparations of SPB com- 
ponents. 26 ' 35 ' 46 " 48 Interestingly, several of 
these Nups and Poms are involved in gen- 
erating and stabilizing the highly curved 
membranes at the site of NPC assembly, 
raising the possibility that they may be 
required to perform similar functions dur- 
ing SPB insertion. 1516 Because none are 
essential, we presume that their function 
at the SPB is redundant much as it is at 
the NPC. 

One attractive feature of the hybrid 
model is that it could account for some of 
the perplexing phenotypes associated with 
the NE proteins Apql2, Brr6 and Brll in 
budding yeast. Brr6 and Brll are essential 
integral membrane proteins required for 
nuclear transport; Apql2 is an integral 
membrane protein required for growth and 
nuclear transport at low temperatures. 77 " 79 



Mutations in BRR6 lead to mis-localiza- 
tion of at least a subset of Nups, abnormal 
NPC distribution and NE morphology 
defects. 80 Similar, although not completely 
identical, phenotypes are observed in cells 
containing mutant versions of BRL1 or a 
deletion of APQ12. 7 *-* 1 Analysis of NPC 
assembly using cycloheximide showed 
that new NPC insertion was specifically 
blocked in cells lacking Apql2 function. 81 
At lower temperatures, cells respond to 
environmental change by altering the 
lipid composition of their membranes. 82 " 84 
The observation that cells lacking APQ12 
are unable to grow at lower tempera- 
tures, combined with the fact that NPC 
assembly defects are partially rescued 
by changing membrane properties, has 
pointed to a role for Apql2 in membrane 
remodeling. Based on the fact that over- 
expression of BRR6 rescues many defects 
associated with apql2\ and that brr6-l 
mutants exhibit a broad range of genetic 
interactions with NPC and lipid biosyn- 
thesis genes, Brr6 and its paralog Brll are 
thought to act together with Apql2 in 
NPC assembly. 64,80 Interestingly, apql2A 
and brr6-l mutants have aberrant lipid 
profiles similar to that seen in cells lacking 
MPS3 function. 80 Moreover, neutral lipids 
were not efficiently partitioned into lipid 
droplets in these mutant cells, resulting in 
accumulation of large amounts of neutral 
lipids in the ER and probably PNS. It is 
this change in membrane composition 
that is proposed to affect nuclear morphol- 
ogy and NPC insertion. 

Although brr6 and brll mutants were 
originally identified based on their nuclear 
export defects, 77 " 79 an additional study 
in budding yeast found that apql2A was 
synthetically lethal or displayed dimin- 
ished growth when combined with kinet- 
ochore mutants. 85 The kinetochore is a 
specialized protein structure required to 
attach microtubules to the centromeric 
DNA of each chromosome. Why would 
a protein involved in NPC insertion and 
NE remodeling genetically interact with 
kinetochore mutant? One explanation 
is that the apql2\ mutant actually has a 
SPB duplication defect, and like several 
SPB mutants, displays genetic interac- 
tions with genes encoding kinetochore 
proteins and spindle checkpoint com- 
ponents. 34 ' 48 ' 86 " 90 The cold-sensitivity of 



apql2A could also be interpreted in the 
context of a SPB defect since microtubules 
depolymerize into a and (3 tubulin dimers 
at low temperatures. 91 " 93 Affecting both 
SPB insertion and microtubule dynamics 
could result in lethality. If we assume that 
Apql2 is required for membrane remodel- 
ing at both the NPC and SPB, the inabil- 
ity to insert the SPB results in the growth 
arrest observed in the mutant, and in the 
absence of Apql2, the SPB is unable to 
insert, so more of the SIF is titrated away 
from the NPC, resulting in severe defects 
in NPC assembly and nuclear transport 
defects. A similar competition between 
NPCs and SPBs may also occur in brr6 ts 
and brll ts mutants. By coordination of 
membrane remodeling and the distribu- 
tion of a SIF, the cell can spatially and tem- 
porally regulate NPC and SPB insertion. 

Beyond the SPB and the NPC 

Is the connection between the SPB and 
the NPC a specific strategy evolved in 
fungi and other eukaryotes that undergo a 
closed mitosis to regulate NE composition 
and control assembly of NE complexes? It 
is clear that metazoan MTOCs, known 
as centrosomes, are structurally distinct 
from the SPBs found in fungi. 39 ' 94 Despite 
this morphological diversity, many com- 
ponents are shared between the two 
organelles. Although centrosomes are not 
embedded in the NE, they are tethered to 
the NE by SUN-KASH proteins in cer- 
tain cell types. 5 " 738 Based on the observa- 
tion that cells derived from patients with 
Emery-Dreifuss muscular dystrophy (one 
example of a "laminopathy") fail to tether 
centrosomes to the NE, it is thought that 
failure to attach the centrosome to the 
NE contributes to disease pathology, 
possibly by affecting nuclear position- 
ing and/or chromosome integrity. 3 ' 95 ' 96 
Therefore, it is important to understand 
at a molecular level how centrosomes 
are connected to the NE. Interestingly, 
a recent report implicated the NPC in 
NE linkage of the centrosome, suggesting 
that a functional and/or structural con- 
nection between the MTOC and NPC 
may extend throughout eukaryotes. 97 The 
connection between NE membrane com- 
plexes such as the NPC and the MTOC 
may have an ancient origin derived from 
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the roles these proteins played in genome 
partitioning in the last eukaryotic com- 
mon ancestor. 13 

Through genetic analysis of SPB dupli- 
cation in a model organism, an unexpected 
connection between two protein complexes 
of the NE was discovered. Both SPBs and 
NPCs must insert into the NE, and this 
requires changes in the NE, both in terms 
of lipids and integral membrane proteins. 
In comparison to other membranes, little 
is known about NE composition. 61 ' 62 ' 98 
Although NE proteins have been identified 
by mass spectroscopic analysis, many have 
not been verified in vivo and their function 

References 

1. Schirmer EC, Gerace L. The nuclear membrane 
proteome: extending the envelope. Trends Biochem 
Sci 2005; 30:551-8; PMID:16125387; http://dx.doi. 
org/10.1016/j.tibs.2005.08.003. 

2. Shimi T, Butin-Israeli V, Adam SA, Goldman RD. 
Nuclear lamins in cell regulation and disease. Cold 
Spring Harb Symp Quant Biol 2010; 75:525-31; 
PMID:21467145; http://dx.doi.org/10.1101/ 
sqb.2010.75.045. 

3. Dauer WT, Worman HJ. The nuclear envelope as a 
signaling node in development and disease. Dev Cell 
2009; 17:626-38; PMID:19922868; http://dx.doi. 
org/10.1016/j.devcel.2009.10.016. 

4. Kim Y, Sharov AA, McDole K, Cheng M, Hao H, 
Fan CM, et al. Mouse B-type lamins are required 
for proper organogenesis but not by embryonic stem 
cells. Science 2011; 334:1706-10; PMID:22116031; 
http://dx.doi.org/10.1126/science.1211222. 

5. Starr DA, Fridolfsson HN. Interactions between 
nuclei and the cytoskeleton are mediated by SUN- 
KASH nuclear-envelope bridges. Annu Rev Cell Dev 
Biol 2010; 26:421-44; PMID:20507227; http:// 
dx.doi.org/10.H46/annurev-cellbio-100109-4037. 

6. Hiraoka Y, Dernburg AF. The SUN rises on meiotic 
chromosome dynamics. Dev Cell 2009; 17:598-605; 
PMID:19922865; http://dx.doi.org/10.1016/j.dev- 
cel.2009.10.014. 

7. Razafsky D, Hodzic D. Bringing KASH under the 
SUN: the many faces of nucleo-cytoskeletal connec- 
tions. J Cell Biol 2009; 186:461-72; PMID: 19687252; 
http://dx.doi.org/10.1083/jcb.200906068. 

8. Crisp M, Liu Q, Roux K, Rattner JB, Shanahan 
C, Burke B, et al. Coupling of the nucleus and 
cytoplasm: role of the LINC complex. J Cell Biol 
2006; 172:41-53; PMID:16380439; http://dx.doi. 
org/10.1083/jcb.200509124. 

9. Hasan S, Giittinger S, Miihlhausser P, Anderegg F, 
Biirgler S, Kutay U. Nuclear envelope localization of 
human UNC84A does not require nuclear lamins. 
FEBS Lett 2006; 580:1263-8; PMID:16445915; 
http://dx.doi.Org/10.1016/j.febslet.2006.01.039. 

10. Padmakumar VC, Libotte T, Lu W, Zaim H, 
Abraham S, Noegel AA, et al. The inner nuclear 
membrane protein Sunl mediates the anchorage 
of Nesprin-2 to the nuclear envelope. J Cell Sci 
2005; 118:3419-30; PMID:16079285; http://dx.doi. 
org/10.1242/jcs.02471. 

11. Haque F, Lloyd DJ, Smallwood DT, Dent CL, 
Shanahan CM, Fry AM, et al. SUN1 interacts with 
nuclear lamin A and cytoplasmic nesprins to provide 
a physical connection between the nuclear lamina 
and the cytoskeleton. Mol Cell Biol 2006; 26:3738- 
51; PMID:16648470; http://dx.doi.org/10.1128/ 
MCB.26. 10.3738-51.2006. 



is unknown. 1 Furthermore, the lipid com- 
position of the nuclear envelope in normal 
proliferating cells is poorly characterized. A 
major challenge to analysis of NE compo- 
sition is the tight connection between the 
NE and the ER; it is virtually impossible to 
isolate "pure" NE membranes by biochemi- 
cal methods so subtractive approaches have 
been used to infer both its protein and 
lipid composition. 1 ' 61 "" 101 Given the link 
between INM-ONM spacing, NE shape 
and the control of NE protein distribu- 
tion and human disease, the use of classical 
genetics and sophisticated live cell imag- 
ing methods will be important in solving 

12. Jaspersen SL, Martin AE, Glazko G, Giddings TH Jr, 
Morgan G, Mushegian A, et al. The Sadl-UNC-84 
homology domain in Mps3 interacts with Mps2 to 
connect the spindle pole body with the nuclear enve- 
lope. J Cell Biol 2006; 174:665-75; PMID:16923827; 
http://dx.doi.org/10.1083/jcb.200601062. 

13. Wilson KL, Dawson SC. Evolution: functional evo- 
lution of nuclear structure. J Cell Biol 2011; 195:171- 
81; PMID:22006947; http://dx.doi.org/10.1083/ 
jcb.201 103171. 

14. Malone CJ, Fixsen WD, Horvitz HR, Han M. UNC- 
84 localizes to the nuclear envelope and is required 
for nuclear migration and anchoring during C. 
elegans development. Development 1999; 126:3171- 
81; PMID:10375507. 

15. Hetzer MW, Wente SR. Border control at the nucle- 
us: biogenesis and organization of the nuclear mem- 
brane and pore complexes. Dev Cell 2009; 17:606- 
16; PMID:19922866; http://dx.doi.Org/10.1016/j. 
devcel.2009.10.007. 

16. Onischenko E, Weis K. Nuclear pore complex-a coat 
specifically tailored for the nuclear envelope. Curr 
Opin Cell Biol 2011; 23:293-301; PMID:21296566; 
http://dx.doi.org/10.1016/jxeb.2011.01.002. 

17. Maul GG, Price JW, Lieberman MW. Formation and 
distribution of nuclear pore complexes in interphase. 
J Cell Biol 1971; 51:405-18; PMID:5165267; http:// 
dx.doi.org/10.1083/jcb.51.2.405. 

18. Maul GG, Maul HM, Scogna JE, Lieberman MW, 
Stein GS, Hsu BY, et al. Time sequence of nuclear 
pore formation in phytohemagglutinin-stimulated 
lymphocytes and in HeLa cells during the cell cycle. 
J Cell Biol 1972; 55:433-47; PMID:5076782; http:// 
dx.doi.org/10.1083/jcb.55. 2.433. 

19. Winey M, Yarar D, Giddings TH Jr, Mastronarde 
DN. Nuclear pore complex number and distribution 
throughout the Saccharomyces cerevisiae cell cycle 
by three-dimensional reconstruction from electron 
micrographs of nuclear envelopes. Mol Biol Cell 
1997; 8:2119-32; PMID:9362057. 

20. Giittinger S, Laurell E, Kutay U. Orchestrating 
nuclear envelope disassembly and reassembly dur- 
ing mitosis. Nat Rev Mol Cell Biol 2009; 10:178- 
91; PMID:19234477; http://dx.doi.org/10.1038/ 
nrm264l. 

21. DAngelo MA, Anderson DJ, Richard E, Hetzer 
MW. Nuclear pores form de novo from both sides 
of the nuclear envelope. Science 2006; 312:440- 
3; PMID: 16627745; http://dx.doi.org/10.1126/sci- 
ence.1124196. 

22. Goldberg MW, Wiese C, Allen TD, Wilson KL. 
Dimples, pores, star-rings and thin rings on growing 
nuclear envelopes: evidence for structural intermedi- 
ates in nuclear pore complex assembly. J Cell Sci 
1997; 110:409-20; PMID:9067593. 



questions of NE structure and will be criti- 
cal to advancing our understanding of 
MTOC insertion/tethering at the NE and 
NPC assembly. 

Acknowledgments 

We are grateful to Scott Hawley, Jennifer 
Gerton, Brian Slaughter, Jay Unruh and 
members of the Jaspersen lab for dis- 
cussions and comments on the manu- 
script. We thank Jenny Friederichs for 
the EM image shown in Figure 1. S.L.J, 
is supported by the Stowers Institute for 
Medical Research and the American 
Cancer Society (RSG-11-030-01-CSM). 

23. Talamas JA, Hetzer MW. POM 121 and Sunl play 
a role in early steps of interphase NPC assembly. J 
Cell Biol 2011; 194:27-37; PMID:21727197; http:// 
dx.doi.org/10.1083/jcb.201012154. 

24. Yewdell WT, Colombi P, Makhnevych T, Lusk CP. 
Lumenal interactions in nuclear pore complex assem- 
bly and stability. Mol Biol Cell 2011; 22:1375-88; 
PMID:21346187; http://dx.doi.org/10.1091/mbc. 
E10-06-0554. 

25. Liu Q, Pante N, Misteli T, Elsagga M, Crisp M, 
Hodzic D, et al. Functional association of Sunl with 
nuclear pore complexes. J Cell Biol 2007; 178:785- 
98; PMID:17724119; http://dx.doi.org/10.1083/ 
jcb.200704108. 

26. Onischenko E, Stanton LH, Madrid AS, Kieselbach T, 
Weis K. Role of the Ndcl interaction network in yeast 
nuclear pore complex assembly and maintenance. 
J Cell Biol 2009; 185:475-91; PMID:194l4609; 
http://dx.doi.org/10.1083/jcb.200810030. 

27. Madrid AS, Mancuso J, Cande WZ, Weis K. The role 
of the integral membrane nucleoporins Ndclp and 
Poml52p in nuclear pore complex assembly and func- 
tion. J Cell Biol 2006; 173:361-71; PMID:16682526; 
http://dx.doi.org/10.1083/jcb.200506l99. 

28. Dawson TR, Lazarus MD, Hetzer MW, Wente 
SR. ER membrane-bending proteins are necessary 
for de novo nuclear pore formation. J Cell Biol 
2009; 184:659-75; PMID:19273614; http://dx.doi. 
org/10.1083/jcb.200806l74. 

29. Bigay J, Casella JF, Drin G, Mesmin B, Antonny B. 
ArfGAPl responds to membrane curvature through 
the folding of a lipid packing sensor motif. EMBO J 
2005; 24:2244-53; PMID:15944734; http://dx.doi. 
org/10.1038/sj.emboj.76007l4. 

30. Drin G, Casella JF, Gautier R, Boehmer T, Schwartz 
TU, Antonny B. A general amphipathic alpha- 
helical motif for sensing membrane curvature. Nat 
Struct Mol Biol 2007; 14:138-46; http://dx.doi. 
org/10.1038/nsmbll94. 

31. Horigome C, Okada T, Shimazu K, Gasser SM, 
Mizuta K. Ribosome biogenesis factors bind a 
nuclear envelope SUN domain protein to clus- 
ter yeast telomeres. EMBO J 2011; 30:3799-811; 
PMID:21822217; http://dx.doi.org/10.1038/ 
emboj.201 1.267. 

32. Tamm T, Grallert A, Grossman EP, Alvarez- 
Tabares I, Stevens FE, Hagan IM. Brr6 drives 
the Schizosaccharomyces pombe spindle pole body 
nuclear envelope insertion/extrusion cycle. J Cell Biol 
2011; 195:467-84; PMID:22042620; http://dx.doi. 
org/10.1083/jcb.201106076. 

33. Hagan I, Yanagida M. The product of the spindle 
formation gene sadl + associates with the fission yeast 
spindle pole body and is essential for viability. J Cell 
Biol 1995; 129:1033-47; PMID:7744953; http:// 
dx.doi.org/10.1083/jcb.l29.4.1033. 



234 



Nucleus 



Volume 3 Issue 3 



34. Friederichs JM, Ghosh S, Smoyer CJ, McCroskey S, 
Miller BD, Weaver KJ, et al. The SUN protein Mps3 
is required for spindle pole body insertion into the 
nuclear membrane and nuclear envelope homeostasis. 
PLoS Genet 2011; 7:1002365; PMID:22125491; 
http://dx.doi.org/10.1371/journal.pgen.1002365. 

35. Witkin KL, Friederichs JM, Cohen-Fix O, 
Jaspersen SL. Changes in the nuclear envelope envi- 
ronment affect spindle pole body duplication in 
Saccharomyces cerevisiae. Genetics 2010; 186:867-83; 
PMID:20713690; http://dx.doi.org/10.1534/genet- 
ics.110.119149. 

36. Byers B, Goetsch L. Behavior of spindles and spin- 
dle plaques in the cell cycle and conjugation of 
Saccharomyces cerevisiae. J Bacterid 1975; 124:511- 
23; PMID:1100612. 

37. Ding R, West RR, Morphew DM, Oakley 
BR, Mcintosh JR. The spindle pole body of 
Schizosaccharomyces pombe enters and leaves the 
nuclear envelope as the cell cycle proceeds. Mol Biol 
Cell 1997; 8:1461-79; PMID:9285819. 

38. Jaspersen SL, Winey M. The budding yeast spin- 
dle pole body: structure, duplication and func- 
tion. Annu Rev Cell Dev Biol 2004; 20:1-28; 
PMID: 15473833; http://dx.doi.org/10.ll46/ 
annurev.cellbio.20.022003.114106. 

39. Bornens M, Azimzadeh J. Origin and evolution of the 
centrosome. Adv Exp Med Biol 2007; 607:119-29; 
PMID:17977464; http://dx.doi.org/10.1007/978-0- 
387-74021-8_10. 

40. Hagan IM, Petersen J. The microtubule organiz- 
ing centers of Schizosaccharomyces pombe. Curr Top 
Dev Biol 2000; 49:133-59; PMID:11005017; http:// 
dx.doi.org/10.1016/S0070-2153(99)49007-6. 

41. Winey M, Goetsch L, Baum P, Byers B. MPS1 
and MPS2: novel yeast genes defining distinct 
steps of spindle pole body duplication. J Cell Biol 
1991; 114:745-54; PMID:1869587; http://dx.doi. 
org/10.1083/jcb.H4.4.745. 

42. Winey M, Hoyt MA, Chan C, Goetsch L, Botstein 
D, Byers B. NDC1: a nuclear periphery component 
required for yeast spindle pole body duplication. J 
Cell Biol 1993; 122:743-51; PMID:8349727; http:// 
dx.doi.org/10.1083/jcb.l22.4.743. 

43. Schramm C, Elliott S, Shevchenko A, Schiebel E. 
The Bbplp-Mps2p complex connects the SPB to the 
nuclear envelope and is essential for SPB duplication. 
EMBO J 2000; 19:421-33; PMID:10654940; http:// 
dx.doi.org/10.1093/emboj/19.3.421. 

44. Araki Y, Lau CK, Maekawa H, Jaspersen SL, 
Giddings TH Jr, Schiebel E, et al. The Saccharomyces 
cerevisiae spindle pole body (SPB) component 
Nbplp is required for SPB membrane insertion 
and interacts with the integral membrane proteins 
Ndclp and Mps2p. Mol Biol Cell 2006; 17:1959-70; 
PMID:16436507; http://dx.doi.org/10.1091/mbc. 
E05-07-0668. 

45. Kupke T, Di Cecco L, Miiller HM, Neuner A, 
Adolf F, Wieland F, et al. Targeting of Nbpl to 
the inner nuclear membrane is essential for spindle 
pole body duplication. EMBO J 2011; 30:3337- 
52; PMID:21785410; http://dx.doi.org/10.1038/ 
emboj.2011.242. 

46. Sezen B, Seedorf M, Schiebel E. The SESA net- 
work links duplication of the yeast centrosome 
with the protein translation machinery. Genes Dev 
2009; 23:1559-70; PMID:19571182; http://dx.doi. 
org/10.1101/gad.524209. 

47. Chial HJ, Rout MP, Giddings TH, Winey M. 
Saccharomyces cerevisiae Ndclp is a shared component 
of nuclear pore complexes and spindle pole bodies. 
J Cell Biol 1998; 143:1789-800; PMID:9864355; 
http://dx.doi.org/10.1083/jcb.l43J.1789. 

48. Greenland KB, Ding H, Costanzo M, Boone C, 
Davis TN. Identification of Saccharomyces cerevi- 
siae spindle pole body remodeling factors. PLoS 
One 2010; 5:15426; PMID:21103054; http://dx.doi. 
org/10.1371/journal.pone.0015426. 



49. Jaspersen SL, Giddings TH Jr, Winey M. Mps3p is a 
novel component of the yeast spindle pole body that 
interacts with the yeast centrin homologue Cdc31p. 
J Cell Biol 2002; 159:945-56; PMID:12486115; 
http://dx.doi.org/10.1083/jcb.200208169. 

50. Galitski T, Saldanha AJ, Styles CA, Lander ES, Fink 
GR. Ploidy regulation of gene expression. Science 
1999; 285:251-4; PMID:10398601; http://dx.doi. 
org/10.1126/science.285.5425.251. 

51. Jorgensen P, Edgington NP, Schneider BL, Rupes I, 
Tyers M, Futcher B. The size of the nucleus increases 
as yeast cells grow. Mol Biol Cell 2007; 18:3523-32; 
PMID:17596521; http://dx.doi.org/10.1091/mbc. 
E06-10-0973. 

52. Neumann FR, Nurse P. Nuclear size control in 
fission yeast. J Cell Biol 2007; 179:593-600; 
PMID: 17998401; http://dx.doi.org/10.1083/ 
jcb.200708054. 

53. Lang C, Grava S, van den Hoorn T, Trimble R, 
Philippsen P, Jaspersen SL. Mobility, microtubule 
nucleation and structure of microtubule-organizing 
centers in multinucleated hyphae of Ashbya gossypii. 
Mol Biol Cell 2010; 21:18-28; PMID:19910487; 
http://dx.doi.org/10.1091/mbc.E09-01-0063. 

54. Kerscher O, Hieter P, Winey M, Basrai MA. Novel 
role for a Saccharomyces cerevisiae nucleoporin, 
Nupl70p, in chromosome segregation. Genetics 
2001; 157:1543-53; PMID:11290711. 

55. Iouk T, Kerscher O, Scott RJ, Basrai MA, Wozniak 
RW. The yeast nuclear pore complex function- 
ally interacts with components of the spindle 
assembly checkpoint. J Cell Biol 2002; 159:807- 
19; PMID:12473689; http://dx.doi.org/10.1083/ 
jcb.200205068. 

56. Chial HJ, Giddings TH Jr, Siewert EA, Hoyt MA, 
Winey M. Altered dosage of the Saccharomyces cerevi- 
siae spindle pole body duplication gene, NDC1, leads 
to aneuploidy and polyploidy. Proc Natl Acad Sci 
USA 1999; 96:10200-5; PMID:10468586; http:// 
dx.doi.org/10.1073/pnas.96.18.10200. 

57. Lau CK, Giddings TH Jr, Winey M. A novel allele 
of Saccharomyces cerevisiae NDC1 reveals a potential 
role for the spindle pole body component Ndclp in 
nuclear pore assembly. Eukaryot Cell 2004; 3:447- 
58; PMID:15075274; http://dx.doi.org/10.1128/ 
EC.3. 2.447-58. 2004. 

58. Alber F, Dokudovskaya S, Veenhoff LM, Zhang 
W, Kipper J, Devos D, et al. Determining the 
architectures of macromolecular assemblies. Nature 
2007; 450:683-94; PMID:18046405; http://dx.doi. 
org/10.1038/nature06404. 

59. Chadrin A, Hess B, San Roman M, Gatti X, 
Lombard B, Loew D, et al. Pom33, a novel trans- 
membrane nucleoporin required for proper nuclear 
pore complex distribution. J Cell Biol 2010; 189:795- 
811; PMID:20498018; http://dx.doi.org/10.1083/ 
jcb.200910043. 

60. Anderson VE, Prudden J, Prochnik S, Giddings TH 
Jr, Hardwick KG. Novel sfil alleles uncover addi- 
tional functions for Sfilp in bipolar spindle assembly 
and function. Mol Biol Cell 2007; 18:2047-56; 
PMID:17392514; http://dx.doi.org/10.1091/mbc. 
E06-10-0918. 

61. Lingwood D, Simons K. Lipid rafts as a membrane- 
organizing principle. Science 2010; 327:46-50; 
PMID:20044567; http://dx.doi.org/10.1126/sci- 
ence.1174621. 

62. Malinsky J, Opekarova M, Tanner W. The lateral 
compartmentation of the yeast plasma membrane. 
Yeast 2010; 27:473-8; PMID:20641012; http:// 
dx.doi.org/10.1002/yea.1772. 

63. McCully EK, Robinow CF. Mitosis in the fission 
yeast Schizosaccharomyces pombe: a comparative study 
with light and electron microscopy. J Cell Sci 1971; 
9:475-507; PMID:4108061. 



64. Schneiter R, Cole CN. Integrating complex func- 
tions: coordination of nuclear pore complex assembly 
and membrane expansion of the nuclear envelope 
requires a family of integral membrane proteins. 
Nucleus 2010; 1:387-92; PMID:21326820. 

65. Zimmerberg J, Kozlov MM. How proteins produce 
cellular membrane curvature. Nat Rev Mol Cell 
Biol 2006; 7:9-19; PMID:16365634; http://dx.doi. 
org/10.1038/nrml784. 

66. Lippincott-Schwartz J, Phair RD. Lipids and cho- 
lesterol as regulators of traffic in the endomem- 
brane system. Annu Rev Biophys 2010; 39:559- 
78; PMID:20192772; http://dx.doi.org/10.ll46/ 
annurev.biophys.093008. 131357. 

67. Campbell JL, Lorenz A, Witkin KL, Hays T, Loidl 
J, Cohen-Fix O. Yeast nuclear envelope subdomains 
with distinct abilities to resist membrane expansion. 
Mol Biol Cell 2006; 17:1768-78; PMID:16467382; 
http://dx.doi.org/10.1091/mbc.E05-09-0839. 

68. Santos-Rosa H, Leung J, Grimsey N, Peak-Chew S, 
Siniossoglou S. The yeast lipin Smp2 couples phos- 
pholipid biosynthesis to nuclear membrane growth. 
EMBO J 2005; 24:1931-41; PMID:15889145; 
http://dx.doi.org/10.1038/sj.emboj.7600672. 

69. Siniossoglou S, Santos-Rosa H, Rappsilber J, Mann 
M, Hurt E. A novel complex of membrane proteins 
required for formation of a spherical nucleus. EMBO 
J 1998; 17:6449-64; PMID:9822591; http://dx.doi. 
org/10.1093/emboj/17.22.6449. 

70. Siniossoglou S. Lipins, lipids and nuclear enve- 
lope structure. Traffic 2009; 10:1181-7; 
PMID:19490535; http://dx.doi.0rg/lO.llll/j. 1600- 
0854.2009.00923.x. 

71. Miki F, Kurabayashi A, Tange Y, Okazaki K, 
Shimanuki M, Niwa O. Two-hybrid search for 
proteins that interact with Sadl and Kmsl, two mem- 
brane-bound components of the spindle pole body in 
fission yeast. Mol Genet Genomics 2004; 270:449- 
61; PMID:14655046; http://dx.doi.org/10.1007/ 
s00438-003-0938-8. 

72. Tzur YB, Wilson KL, Gruenbaum Y. SUN-domain 
proteins: 'Velcro' that links the nucleoskeleton to the 
cytoskeleton. Nat Rev Mol Cell Biol 2006; 7:782- 
8; PMID:16926857; http://dx.doi.org/10.1038/ 
nrm2003. 

73. Turgay Y, Ungricht R, Rothballer A, Kiss A, Csucs 
G, Horvath P, et al. A classical NLS and the SUN 
domain contribute to the targeting of SUN2 to the 
inner nuclear membrane. EMBO J 2010; 29:2262- 
75; PMID:20551905; http://dx.doi.org/10.1038/ 
emboj. 2010.119. 

74. Shao X, Tarnasky HA, Lee JP, Oko R, van der Hoorn 
FA. Spag4, a novel sperm protein, binds outer dense- 
fiber protein Odfl and localizes to microtubules of 
manchette and axoneme. Dev Biol 1999; 211:109- 
23; PMID:10373309; http://dx.doi.org/10.1006/ 
dbio.1999.9297. 

75. Fitzgerald CJ, Oko RJ, van der Hoorn FA. Rat 
Spag5 associates in somatic cells with endoplasmic 
reticulum and microtubules but in spermatozoa with 
outer dense fibers. Mol Reprod Dev 2006; 73:92- 
100; PMID:16211599; http://dx.doi.org/10.1002/ 
mrd.20388. 

76. Adams IR, Kilmartin JV. Localization of core spindle 
pole body (SPB) components during SPB duplication 
in Saccharomyces cerevisiae. J Cell Biol 1999; 145:809- 
23; PMID:10330408; http://dx.doi.org/10.1083/ 
jcb.145.4.809. 

77. de Bruyn Kops A, Guthrie C. An essential nuclear 
envelope integral membrane protein, Brr6p, required 
for nuclear transport. EMBO J 2001; 20:4183- 
93; PMID:11483521; http://dx.doi.org/10.1093/ 
emboj/20.15.4183. 

78. Saitoh YH, Ogawa K, Nishimoto T. Brllp — a 
novel nuclear envelope protein required for 
nuclear transport. Traffic 2005; 6:502-17; 
PMID:15882446; http://dx.doi.0rg/lO.llll/j. 1600- 
0854.2005.00295.x. 



www.landesbioscience.com 



Nucleus 



235 



79. Baker KE, Coller J, Parker R. The yeast Apql2 
protein affects nucleocytoplasmic mRNA transport. 
RNA 2004; 10:1352-8; PMID:15273328; http:// 
dx.doi.org/10.1261/rna.7420504. 

80. Hodge CA, Choudhary V, Wolyniak MJ, Scarcelli JJ, 
Schneiter R, Cole CN. Integral membrane proteins 
Brr6 and Apql2 link assembly of the nuclear pore 
complex to lipid homeostasis in the endoplasmic retic- 
ulum. J Cell Sci 2010; 123:141-51; PMID:20016074; 
http://dx.doi.org/10.1242/jcs.055046. 

81. Scarcelli JJ, Hodge CA, Cole CN. The yeast integral 
membrane protein Apql2 potentially links mem- 
brane dynamics to assembly of nuclear pore complex- 
es. J Cell Biol 2007; 178:799-812; PMID:17724120; 
http://dx.doi.org/10.1083/jcb.200702120. 

82. Murata N, Los DA. Membrane Fluidity and 
Temperature Perception. Plant Physiol 1997; 
115:875-9; PMID:12223851. 

83. Zhang YM, Rock CO. Membrane lipid homeostasis 
in bacteria. Nat Rev Microbiol 2008; 6:222-33; 
PMID:18264115; http://dx.doi.org/10.1038/nrmi- 
crol839. 

84. van Meer G, Voelker DR, Feigenson GW. Membrane 
lipids: where they are and how they behave. Nat Rev 
Mol Cell Biol 2008; 9:112-24; PMID:18216768; 
http://dx.doi.org/10.1038/nrm2330. 

85. Montpetit B, Thorne K, Barrett I, Andrews K, 
Jadusingh R, Hieter P, et al. Genome-wide synthetic 
lethal screens identify an interaction between the 
nuclear envelope protein, Apql2p and the kineto- 
chore in Saccharomyces cerevisiae. Genetics 2005; 
171:489-501; PMID:15998715; http://dx.doi. 
org/10.1534/genetics.l05.045799. 

86. Hardwick KG, Li R, Mistrot C, Chen RH, Dann P, 
Rudner A, et al. Lesions in many different spindle 
components activate the spindle checkpoint in the 
budding yeast Saccharomyces cerevisiae. Genetics 
1999; 152:509-18; PMID:10353895. 

87. Sarin S, Ross KE, Boucher L, Green Y, Tyers M, 
Cohen-Fix O. Uncovering novel cell cycle players 
through the inactivation of securin in budding yeast. 
Genetics 2004; 168:1763-71; PMID:15579722; 
http://dx.doi.org/10.1534/genetics.104.029033. 



88. Collins SR, Miller KM, Maas NL, Roguev A, 
Fillingham J, Chu CS, et al. Functional dissection 
of protein complexes involved in yeast chromosome 
biology using a genetic interaction map. Nature 
2007; 446:806-10; PMID:17314980; http://dx.doi. 
org/10.1038/nature05649. 

89. Measday V, Baetz K, Guzzo J, Yuen K, Kwok T, 
Sheikh B, et al. Systematic yeast synthetic lethal and 
synthetic dosage lethal screens identify genes required 
for chromosome segregation. Proc Natl Acad Sci 
USA 2005; 102:13956-61; PMID:16172405; http:// 
dx.doi.org/10.1073/pnas.0503504l02. 

90. Ye P, Peyser BD, Pan X, Boeke JD, Spencer FA, 
Bader JS. Gene function prediction from congruent 
synthetic lethal interactions in yeast. Mol Syst Biol 
2005; 1:2005-26; PMID:16729061; http://dx.doi. 
org/10.1038/msb4l00034. 

91. Detrich HW, 3rd, Parker SK, Williams RC Jr, 
Nogales E, Downing KH. Cold adaptation of micro- 
tubule assembly and dynamics. Structural inter- 
pretation of primary sequence changes present in 
the alpha- and beta-tubulins of Antarctic fishes. J 
Biol Chem 2000; 275:37038-47; PMID:10956651; 
http://dx.doi.org/10.1074/jbc.M005699200. 

92. Schatz PJ, Solomon F, Botstein D. Isolation and 
characterization of conditional-lethal muta- 
tions in the TUB1 alpha-tubulin gene of the yeast 
Saccharomyces cerevisiae. Genetics 1988; 120:681-95; 
PMID:3066684. 

93. Huffaker TC, Thomas JH, Botstein D. Diverse 
effects of beta-tubulin mutations on microtubule 
formation and function. J Cell Biol 1988; 106:1997- 
2010; PMID:3290223; http://dx.doi.org/10.1083/ 
jcb.106.6.1997. 

94. Carvalho-Santos Z, Azimzadeh J, Pereira-Leal JB, 
Bettencourt-Dias M. Evolution: Tracing the ori- 
gins of centrioles, cilia and flagella. J Cell Biol 
2011; 194:165-75; PMID:21788366; http://dx.doi. 
org/10.1083/jcb.201011152. 



95. Salpingidou G, Smertenko A, Hausmanowa- 
Petrucewicz I, Hussey PJ, Hutchison CJ. A novel role 
for the nuclear membrane protein emerin in associa- 
tion of the centrosome to the outer nuclear membrane. 
J Cell Biol 2007; 178:897-904; PMID:17785515; 
http://dx.doi.org/10.1083/jcb.200702026. 

96. Hale CM, Shrestha AL, Khatau SB, Stewart- 
Hutchinson PJ, Hernandez L, Stewart CL, et al. 
Dysfunctional connections between the nucleus 
and the actin and microtubule networks in 1am- 
inopathic models. Biophys J 2008; 95:5462-75; 
PMID:18790843; http://dx.doi.org/10.1529/bio- 
physj. 108. 139428. 

97. Bolhy S, Bouhlel I, Dultz E, Nayak T, Zuccolo 
M, Gatti X, et al. A Nupl33-dependent NPC- 
anchored network tethers centrosomes to the nuclear 
envelope in prophase. J Cell Biol 2011; 192:855- 
71; PMID:21383080; http://dx.doi.org/10.1083/ 
jcb.201007118. 

98. Daum G, Lees ND, Bard M, Dickson R. 
Biochemistry, cell biology and molecular biology of 
lipids of Saccharomyces cerevisiae. Yeast 1998; 14:1471- 
510; PMID:9885152; http://dx.doi.org/10.1002/ 
(SICI) 1097-0061 (199812) 14: 16<1471::AI D- 
YEA353>3.0.CO;2-Y. 

99. Tuller G, Nemec T, Hrastnik C, Daum G. Lipid 
composition of subcellular membranes of an FY1679- 
derived haploid yeast wild-type strain grown on 
different carbon sources. Yeast 1999; 15:1555-64; 
PMID: 10514572; http://dx.doi.org/10.1002/ 
(SICI) 1097-0061 (19991 0)15: 14 < 1555:: AID- 
YEA479>3.0.CO;2-Z. 

100. Albi E, Cataldi S, Rossi G, Magni MV. A possible 
role of cholesterol-sphingomyelin/phosphatidylcho- 
line in nuclear matrix during rat liver regeneration. J 
Hepatol 2003; 38:623-8; PMID:12713873; http:// 
dx.doi.org/10.1016/S0168-8278 (03) 00074-6. 

lOl.Strambio-de-Castillia C, Blobel G, Rout MP. 
Isolation and characterization of nuclear enve- 
lopes from the yeast Saccharomyces. J Cell Biol 
1995; 131:19-31; PMID:7559775; http://dx.doi. 
org/10.1083/jcb.l31.1.19. 



236 



Nucleus 



Volume 3 Issue 3 



